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FIG. 6: Examples of reconstructed polar decay angle distributions for different top-jet spin analyz-

ers: optimal hadronic polarimeter (top left), softer light-quark (top right), b-quark (bottom left),

and lepton from the semileptonic side of the event (bottom right). Red indicates right-handed

chirality, and blue indicates left handed chirality. Solid is our most optimistic reconstruction:

particle-level with b-tags. Dashed is our most pessimistic reconstruction: calorimeter-level with

the W reconstructed kinematically using the binary choice method. The chiralities are normalized

according to their relative global reconstruction efficiencies, and such that they average to unity.

and axial couplings to top: g2V − g2A. To enhance the size of the modulation effect, which

is largest at central production angles in the tt̄ rest frame, we restrict this measurement to
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order perturbative calculations and resummation techniques (see, e.g. Ref. [28]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k, R2,k, · · · , RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Grooming

(a) The mass drop and symmetric splitting criteria.

(b) Filtering.

Figure 2: A cartoon depicting the two stages of the mass-drop filtering procedure.

Figure 3: A cartoon depicting the jet trimming procedure.

most of which is due to the removal pileup or the UE (see, for example, Figures 22 and 25 in
Section 5.3). The fraction removed increases with the number of interactions in the event [1].

Six configurations of trimmed jets are studied here, arising from combinations of fcut and Rsub,
given in Table 1. They are based on the optimized parameters in Ref. [19] ( fcut = 0.03,Rsub = 0.2)
and variations suggested by the authors of the algorithm. This set represents a wide range of phase
space for trimming and is somewhat broader than considered in the original paper on the subject.
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FIG. 2: Top: Eikonal radiation pattern dpT /dηdφ for a color

singlet with ∆R=0.9, typical for a W±
originating from a

top with pT ∼ 300 GeV. Bottom: As above with the partons

instead color-connected to the beam (left/right-going parton

connected to the left/right beam). For the color singlet the ra-

diation is mostly found in the region between the two subjets.

For the background-like color configuration, the radiation is

pulled towards the beam. See (2) and (3).

estimate of D for various color configurations could be
obtained by using antenna patterns as in [28].

Dipolarity can be used within the context of top tag-
ging to reduce QCD backgrounds. Consider a collection
of fat QCD jets originating from parton branchings with
identical kinematics but different color configurations as
illustrated in FIG. 3. If one of the QCD jets fakes the
kinematics of a top quark decay, then each of the differ-
ent color configurations fakes the kinematics equally well.
The dipolarities of the subjets, however, will be broadly
distributed in accord with their different color configu-
rations. For instance, gluon jets are known to give the
largest fake rates for top jets as a consequence of their
larger Casimirs which more often result in wide angle
branchings with significant mass drops. FIG. 3 illustrates
how gluon jets, with their distinct color configurations,

FIG. 3: Schematic for a collection of QCD jets whose kine-

matics fake the top. The upper figures show various possi-

bilities for quarks and gluons that undergo two branchings.

The bottom figures show the corresponding large Nc color di-

agrams, with dipole radiation patterns superimposed across

color dipoles. Only the rightmost color configuration, which

is suppressed by factors of CA/CF with respect to the others,

matches the radiation pattern of an actual top.

radiate differently from top jets. All of this suggests that
the dipolarity of the W± in a hadronic top decay is well-
suited as a discriminant in top tagging algorithms.

HEPTopTagger

To test whether dipolarity makes an effective dis-
criminant, cuts on dipolarity are incorporated into the
HEPTopTagger [1, 2], which is designed to work effec-
tively at intermediate boost, with 200GeV � pT �
800GeV. The high efficiency of the HEPTopTagger at
these pT makes it a good candidate for such a modifi-
cation because dipolarity cuts are expected to be most
effective at intermediate pT . This is because at lower pT
contamination from pile-up and the underlying event be-
comes more of a concern as the top jets become fatter
and fatter, while at higher pT the finite resolution of the
detector makes it difficult to get an accurate handle on
radiation patterns. Furthermore, the multibody filtering
implemented by the HEPTopTagger results in accurate re-
construction of the W±. The HEPTopTagger algorithm
is defined as follows.1

1. Using the Cambridge/Aachen algorithm cluster the
event into fat R = 1.5 jets.

2. Break each fat jet into hard subjets using the fol-
lowing mass-drop criterion. Undo the last stage
of clustering to yield two subjets j1 and j2 (with
mj1 > mj2), keeping both j1 and j2 ifmj1 < 0.8mj2

1 The HEPTopTagger does not make use of b-tagging, which is a
natural extension to the algorithm that can result in significant
improvements in background rejection. Since dipolarity cuts are
orthogonal to b-tagging, we do not explore the use of b-tagging
in this paper.
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FIG. 1: Shower history for a top quark jet. The hard interaction is indicated by a star. Initial
state emissions are indicated by diamonds. Parton decays are indicated by large filled circles and
QCD splittings are indicated by small filled circles.

FIG. 2: Shower history for a QCD jet.

information on color flow in the event history. The decay probabilities are approximately

the decay probabilities that would be used in an event generator. Each propagator in the

shower history corresponds to a Sudakov factor that gives, approximately, the probability

not to have had a splitting between one vertex and the next or between the last vertex

and the end of the shower. Thus, for a given shower history corresponding to the signal

hypothesis, we calculate a probability density that that shower history would have produced

the observed state {p}N .
There are many shower histories that could lead to a given {p}N . We sum the corre-

sponding probabilities over all possible shower histories to calculate P ({p}N |S).
For the background hypothesis, we have different sorts of shower histories. One is shown

in Fig. 2. Again, we calculate the approximate probability density that the shower history

would have produced the observed state {p}N . Then we sum the corresponding probabilities

over all possible shower histories to calculate P ({p}N |B).
Of course, this brief description leaves out a lot of details. Most of them are presented in

Ref. [12]. Because they are of some importance to the structure of the model, we reiterate

in Sec. II A some specifics of the kinematics and the choice of shower time. Then, in Sec. III,

we address some issues that arise with particles that decay, particularly with particles that

4

Table 1. Total efficiency (in %) for selecting Z � bosons and KK gluons (gKK) that have decayed to
tt̄ pairs. These are the efficiencies determined by the MC calculations divided by the SM branching
fraction of 46% for both top quarks to decay hadronically. All uncertainties are statistical only.

Model Total Efficiency (%)
HEPTopTagger Template Tagger

Z � (0.5 TeV) 0.03± 0.01 –
Z � (0.8 TeV) 2.96± 0.08 –
Z � (1.0 TeV) 4.76± 0.09 0.48± 0.05
Z � (1.3 TeV) 5.67± 0.11 6.37± 0.13
Z � (1.6 TeV) 5.40± 0.10 8.13± 0.16
Z � (2.0 TeV) 4.44± 0.10 6.26± 0.13

gKK (0.7 TeV) 1.70± 0.13 –
gKK (1.0 TeV) 4.13± 0.21 0.74± 0.10
gKK (1.3 TeV) 5.14± 0.23 5.02± 0.25
gKK (1.6 TeV) 4.72± 0.22 6.43± 0.26
gKK (2.0 TeV) 4.44± 0.22 5.22± 0.21

6 The Top Template Tagger method

The Top Template Tagger method [13, 14] is based on the concept that an infrared-safe

set of observables can be defined that quantify the overlap between the observed energy

flow inside a jet and the four-momenta of the partons arising from a top-quark decay. An

“overlap function” ranging from 0 to 1 is defined that quantifies the agreement in energy

flow between a given top-quark decay hypothesis (a template) and an observed jet. One

then cycles over a large set of templates chosen to cover uniformly the 3-body phase space

for a top-quark decay at a given pT and finds the template that maximises this overlap,

denoted as OV3. A requirement of OV3 > 0.7 is made.

Sets (or “libraries”) of approximately 300,000 templates are generated in steps of top-

quark pT of 100 GeV starting from 450 GeV by calculating the parton-level daughters for a

top quark in its rest frame and then boosting the daughters to the pT of the given library.

Studies of the top-quark jet tagging efficiency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the pT steps and the min-

imum number of templates for each library that maximise the top-quark tagging efficiency

while retaining high rejection against light quark/gluon jets. For each jet candidate, the

overlap function is defined as

OV3 = max
{τn}

exp

�
−

3�

i=1

1

2σ2
i

�
Ei −

�

∆R(topo,i)
<0.2

Etopo

�2
�
, (6.1)

where {τn} is the set of templates defined for the given jet pT, Ei are the parton energies of

the top-quark decay daughters for the given template, Etopo is the energy of a topocluster,
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Pruning: The pruning algorithm [20, 21] is similar to trimming in that it removes constituents with a

small relative pT, but additionally utilizes a wide-angle radiation veto. The pruning procedure is

invoked at each successive recombination of the jet algorithm used (either C/A or kt), based on the

branching at each point in the jet reconstruction, and as such does not require the reconstruction of

subjets. This results in definitions of the terms “wide-angle” or “soft” that are not directly related

to the original jet but rather to the proto-jets formed in the process of rebuilding the pruned jet.

Figure 4: A cartoon illustrating the pruning procedure.

The procedure is as follows:

• Run either the C/A or kt recombination jet algorithm on the constituents found by any jet

finding algorithm.

• At each recombination step with constituents j1 and j2 (where p j1
T > p j2

T ), require that

p j2
T /p

j1+ j2
T

> zcut or ∆R j1, j2 < Rcut × 2mjet

pjet

T

.

• Merge j2 with j1 if the above criteria are met, otherwise, discard j2 and continue with the

algorithm.

The pruning procedure is illustrated in Figure 4. Six configurations, given in Table 1, based on

combinations of zcut and Rcut are studied here. They are not configurations that have been stud-

ied before in Refs. [20, 21] but are chosen based on discussion with the authors of the pruning

algorithm [22]. This set of parameters also represents a relatively wide range of possible configu-

rations.

2.5 HEPTopTagger

The HEPTopTagger [23] is an example of how jet grooming techniques may be used to optimize the

selection of boosted objects (in this case, top quarks with a hadronically-decaying W boson daughter)

over a large multi-jet background. The method uses the C/A jet algorithm and a variant on the mass-

drop filtering technique described in Section 2.4 in order to utilize information about the recombination

history of the jet. The algorithm proceeds as follows:

• Decomposition into substructure objects: The mass-drop criterion defined in Eq. (7) is applied

to a large-R C/A jet, where j1 and j2 are the two subjets from the last stage of clustering. If the

criterion is satisfied, the same prescription is followed iteratively on both j1 and j2 until Ni subjets

are left, where the subjets either have masses mi ≤ mcut or represent individual constituents, such

8

6 5 Algorithms for W-jet identification

the available pairs. The default weight is defined as:

wij = exp{−α
dij − dmin

dmin } (2)

where dij is the distance between the ij pair. As an example, for the kT algorithm,
dkT = min{p2

T,i, p2
T,j}∆R2

ij and for the CA algorithm, dCA = ∆R2
ij, where the CA

algorithm is the default. From this distribution of Ntrees, which we choose to be 50,
one can extract the Qjet volatility which is defined as the RMS of the distribution
over the average jet mass, ΓQjet = RMS/�m�. In order to improve the speed of
the algorithm while not degrading the performance greatly, before running the Qjet
clustering, we pre-cluster the jet constituents down to 35.

• Generalized energy correlation functions, Cβ
2 : Observables with n-point correla-

tion functions have been proposed in Ref. [43]. The 3-point correlation function is
particularly useful for W-tagging:

Cβ
2 =

∑i,j,k pTi pTj pTk(RijRikRjk)β ∑i pTi

(∑i,j pTi pTj(Rij)β)2 (3)

• Jet charge, Qκ, The jet charge [44] is a measure of the electric charge of the particle
originating the jet. It is defined as:

Qκ =
∑i qi(pi

T)
κ

(pjet
T )κ

(4)

where i runs over all particles in a jet. It can be used to provide additional discrimi-
nation between quark jets and gluon jets or also to distinguish between, for example,
a charged W’ and a Z’ new physics signal.

5.2 Effect of pileup and detector effects

In order to understand the performance of jet substructure tagging algorithms with the CMS
detector at the LHC, two dominant effects have to be understood: first, particles from multiple
overlapping PU interactions and second, detector resolutions and efficiencies in reconstructing
the particles forming the jets.

In order to demonstrate how the observables defined above discriminate between W-jets and
QCD jets, we present them for simulated samples of boosted W bosons and QCD jets with
approximately the same transverse momentum and pseudo-rapidity distribution. For brevity,
the following distributions presented in this subsection are primarily for the W+jets topology,
where the dijet topology shows qualitatively similar results.

Figure 1 shows the pruned jet mass distribution. The sample of W-jets peaks at the W boson
mass, while the QCD jets peak at low jet masses as a result of the jet pruning. To discriminate
events with boosted W bosons from QCD jet background, one can select events falling in a
window around the W boson mass peak, as done in previously published searches [1, 2]. In
this study and unless otherwise indicated, we fix the jet mass window to be from 60-100 GeV.

Comparing the generator level predictions with the distributions after CMS simulation with
pileup, the convolution of both pileup and detector effects can be understood. For the pruned
jet mass, the CMS detector resolution and the simulation of pileup result in a broadening of

* Many available as internal/external classes and contribs for FastJet
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order perturbative calculations and resummation techniques (see, e.g. Ref. [28]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k, R2,k, · · · , RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1
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pT,k min {∆R1,k, R2,k, · · · , RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets

– 3 –

measured with respect to generic subjet axes:

τ̃ (β)N =
1

d0

∑

i

pT,imin
{

(∆R1,i)
β , (∆R2,i)

β , . . . , (∆RN,i)
β
}

. (2.1)

Here, i runs over the constituent particles in a given jet, pT,i are their transverse momenta,

and ∆RJ,i =
√

(∆yJ,i)2 + (∆φJ,i)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle i. Compared to Ref. [33], we have included

an angular weighting exponent β, and we will often drop the (β) superscript for notational

simplicity. The normalization factor d0 is taken as

d0 =
∑

i

pT,i(R0)
β , (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

The choice of subjet axes is crucial for defining N -subjettiness, since Eq. (2.1) partitions

the jet constituents into N so-called Voronoi regions centered on the subjet axes. In Ref. [33],

the exclusive kT algorithm [40, 41] was used to find the directions n̂J . Here, we will focus on

the axes which minimize τ̃N , removing the tilde:

τ (β)N = min
n̂1,n̂2,...,n̂N

τ̃ (β)N . (2.3)

In particular, τ̃N is a function of the N light-like subjet axes n̂J , and τN is the value of this

function at its (global) minimum. This minimization over candidate subjet directions is not

a trivial step and may at first seems computationally daunting, but in Sec. 3.1 we present an

efficient algorithm to perform this task. Once the minimum is found, then the normalization

factor in Eq. (2.2) ensures that 0 ≤ τN ≤ 1.

The angular weighting exponent β is analogous to the parameter a in angularities [35],

with the correspondence a ≡ 2 − β. Collinear safety requires β ≥ 0. In Ref. [33], we found

that β = 1 (corresponding to the jet broadening measure [44]) was particularly effective

for boosted object identification, and this finding will be confirmed in Sec. 4. As we will

see in Sec. 3.1, β = 2 (corresponding to the thrust measure [43]) is a special value from a

minimization point of view. In addition, when we discuss jet finding in Sec. 5, β = 2 will

correspond most closely to iterative cone algorithms.

In Fig. 2, we demonstrate how N -subjettiness works on a boosted top jet compared to

a QCD jet with mass near mtop. Shown are the subjet axes and Voronoi regions determined

by the minimum τN with β = 1 and β = 2, as well as τ̃N using subjets from the exclusive

kT algorithm. Note that the partitioning depends crucially on the choice of subjet axes.

Also, unlike recursive clustering procedures like the kT [40, 41] or Cambridge-Aachen [46, 47]

methods, the regions determined by minimizing τ̃N are not directly correlated with the regions

determined by minimizing τ̃N−1.2 The axes that minimize β = 1 tend to point in the direction

2In what follows, we will only compare the minimization axes to the axes found by the exclusive kT
algorithm. Even though the Cambridge-Aachen algorithm also has an exclusive version which returns a fixed

number of subjets, the nature of its clustering procedure allows far-away soft radiation to be clustered into

the jet last, yielding anomalously large values for τ̃N .

– 4 –
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•  Trimming continues to works up to =200 
•  Jet mass distribution stable with  up to very high luminosity  
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•  Jet trimming: 
o  anti-kt R=1.0  
o  Rkt=0.3, f=5% 

here combined with jet area-based 4-vector subtraction

* With trimming alone, the peak shifts by ~10 GeV, but there are now many other methods that 
should play well with substructure:  Jet Cleansing, Constituent Subtractor, SoftKiller, PUPPI, ....
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CMS “Triple-Tagged” Event24 11 Cross Checks

Figure 12: Event display of a “golden” triply-tagged “1 + 2” candidate. The invariant mass

of the tt̄ candidate is 1352.5 GeV/c2
. In addition to the analysis selection, an additional b

tagging requirement is made on the candidate b jet in the “type 2” hemisphere. The “type 1”

top jet is shown in orange, with yellow denoting the three subjets. The “type 2” hemisphere

jets are shown in green. Jet 2 is tagged with the W tagging algorithm, and Jet 3 is tagged with

a secondary vertex tag. The electromagnetic calorimeter information is shown in red, and the

hadronic calorimieter information is shown in blue.

Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.

24 11 Cross Checks

Figure 12: Event display of a “golden” triply-tagged “1 + 2” candidate. The invariant mass

of the tt̄ candidate is 1352.5 GeV/c2
. In addition to the analysis selection, an additional b

tagging requirement is made on the candidate b jet in the “type 2” hemisphere. The “type 1”

top jet is shown in orange, with yellow denoting the three subjets. The “type 2” hemisphere

jets are shown in green. Jet 2 is tagged with the W tagging algorithm, and Jet 3 is tagged with

a secondary vertex tag. The electromagnetic calorimeter information is shown in red, and the

hadronic calorimieter information is shown in blue.

Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.

1309.2030

b-jet

W-jet
top-jet

KK gluon Limit:  M > 1.8 TeV standalone (2.5 TeV combined w/ l+jets)



Heavy Q=+5/3 Top PartnerT5/3 Analysis
‣ CMS search for particles T5/3  with 

exotic charge!
‣ Solve hierarchy problem and are 

compatible with observed Higgs 
mass!

‣ Found in KK gluon models!
!

‣ Final state consists of same-sign 
dileptons!
‣ Also can identify boosted W or 

boosted top quarks in the event!
‣ Use jet substructure!!
!

‣ Basic event selection:!
‣ 2 same-sign leptons, pT > 30 GeV!
‣ 5 or more jets / “constituents”!
‣ Boosted top = 3!
‣ Boosted W = 2!

‣ HT > 900 GeV!
‣ Quarkonia, Z vetos
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Figure 8: Preliminary expected and observed limits, in logarithmic scale, for the RS KK gluon
hypothesis. The theory expectation is shown in the dashed curve, scaled by a factor of 1.3 to
account for next-to-leading order effects.

where the sum over k includes all components of the signal and background models, T repre-
sents the fraction of expected events for process k in bin i. The factor β is the Poisson mean for
the individual process k. The full likelihood function is the product of these factors over all the
bins in the mtt distributions:

L(βk) =
Nbins

∏
i

µi · e−µi

Ndata
i !

.

For the individual Poisson parameters βk, we use different choices of prior distributions. For
the NTMJ estimate, as well as the signal cross section, a flat prior is used. For the SM tt contri-
bution, a lognormal prior distribution is used.

Using these parameters, we perform pseudoexperiments to estimate the 68% and 95% CL (1-
and 2-σ) expected limit bands. In the pseudoexperiments, the systematic effects are described
by nuisance parameters. These nuisance parameters are randomly varied within their uncer-
tainties, and the posterior is refitted for each pseudoexperiment. This process allows for the
evaluation of the effect of both shape and normalization uncertainties.

Figures 8–10 show the expected and observed limits, along with the 1- and 2-σ expected limit
bands, obtained using the method described here, for both the RS KK gluon and Z� signal
models. We compare to theory expectations in each case, where we apply a K-factor of 1.3
[23] to the signal models to account for next-to-leading order corrections to the expected cross
sections.

At 95% CL, the resulting RS KK gluon exclusion limit is 1.8 TeV/c2, the wide Z� exclusion limit
is 2.35 TeV/c2, and the narrow Z� exclusion limit is 1.7 TeV/c2. The results in the form of limits
on the cross sections of the various models are given in Tables 3–5.

9.1 mtt Spectrum Enhancement Analysis

In addition to using the mtt spectrum to set limits on the presence of new physics models in
the form of resonances, we also test for the presence of a new physics model which predicts a

CMS all-hadronic
CMS PAS B2G-12-005
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Figure 8: Preliminary expected and observed limits, in logarithmic scale, for the RS KK gluon
hypothesis. The theory expectation is shown in the dashed curve, scaled by a factor of 1.3 to
account for next-to-leading order effects.

where the sum over k includes all components of the signal and background models, T repre-
sents the fraction of expected events for process k in bin i. The factor β is the Poisson mean for
the individual process k. The full likelihood function is the product of these factors over all the
bins in the mtt distributions:

L(βk) =
Nbins

∏
i

µi · e−µi

Ndata
i !

.

For the individual Poisson parameters βk, we use different choices of prior distributions. For
the NTMJ estimate, as well as the signal cross section, a flat prior is used. For the SM tt contri-
bution, a lognormal prior distribution is used.

Using these parameters, we perform pseudoexperiments to estimate the 68% and 95% CL (1-
and 2-σ) expected limit bands. In the pseudoexperiments, the systematic effects are described
by nuisance parameters. These nuisance parameters are randomly varied within their uncer-
tainties, and the posterior is refitted for each pseudoexperiment. This process allows for the
evaluation of the effect of both shape and normalization uncertainties.

Figures 8–10 show the expected and observed limits, along with the 1- and 2-σ expected limit
bands, obtained using the method described here, for both the RS KK gluon and Z� signal
models. We compare to theory expectations in each case, where we apply a K-factor of 1.3
[23] to the signal models to account for next-to-leading order corrections to the expected cross
sections.

At 95% CL, the resulting RS KK gluon exclusion limit is 1.8 TeV/c2, the wide Z� exclusion limit
is 2.35 TeV/c2, and the narrow Z� exclusion limit is 1.7 TeV/c2. The results in the form of limits
on the cross sections of the various models are given in Tables 3–5.

9.1 mtt Spectrum Enhancement Analysis

In addition to using the mtt spectrum to set limits on the presence of new physics models in
the form of resonances, we also test for the presence of a new physics model which predicts a
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CMS PAS B2G-12-006



tt Resonance Comparison
14 9 Statistical Interpretation and Results

)2RS Gluon Mass (GeV/c
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

) 
(p

b)
t t

! 
R

S
 g

!
(p

p 
"

95
%

 C
L 

Li
m

it 
on

 

-210

-110

1

10
RS Gluon

Expected Limit
Observed Limit

" 1 ±
" 2 ±

 1.3#RS Gluon 
(Agashe, et. al.)

-1 = 8 TeV, 19.6 fbsCMS Preliminary, 

Figure 8: Preliminary expected and observed limits, in logarithmic scale, for the RS KK gluon
hypothesis. The theory expectation is shown in the dashed curve, scaled by a factor of 1.3 to
account for next-to-leading order effects.

where the sum over k includes all components of the signal and background models, T repre-
sents the fraction of expected events for process k in bin i. The factor β is the Poisson mean for
the individual process k. The full likelihood function is the product of these factors over all the
bins in the mtt distributions:

L(βk) =
Nbins

∏
i

µi · e−µi

Ndata
i !

.

For the individual Poisson parameters βk, we use different choices of prior distributions. For
the NTMJ estimate, as well as the signal cross section, a flat prior is used. For the SM tt contri-
bution, a lognormal prior distribution is used.

Using these parameters, we perform pseudoexperiments to estimate the 68% and 95% CL (1-
and 2-σ) expected limit bands. In the pseudoexperiments, the systematic effects are described
by nuisance parameters. These nuisance parameters are randomly varied within their uncer-
tainties, and the posterior is refitted for each pseudoexperiment. This process allows for the
evaluation of the effect of both shape and normalization uncertainties.

Figures 8–10 show the expected and observed limits, along with the 1- and 2-σ expected limit
bands, obtained using the method described here, for both the RS KK gluon and Z� signal
models. We compare to theory expectations in each case, where we apply a K-factor of 1.3
[23] to the signal models to account for next-to-leading order corrections to the expected cross
sections.

At 95% CL, the resulting RS KK gluon exclusion limit is 1.8 TeV/c2, the wide Z� exclusion limit
is 2.35 TeV/c2, and the narrow Z� exclusion limit is 1.7 TeV/c2. The results in the form of limits
on the cross sections of the various models are given in Tables 3–5.

9.1 mtt Spectrum Enhancement Analysis

In addition to using the mtt spectrum to set limits on the presence of new physics models in
the form of resonances, we also test for the presence of a new physics model which predicts a
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Figure 8: Expected and observed limits on the production cross section as a function of the

resonance mass for (upper left) GRS → WW resonances, (upper right) GRS → ZZ resonances,

(bottom left) Gbulk → WW resonances, and (bottom right) Gbulk → ZZ resonances, compared

to the predicted cross sections.

up to 1.2 TeV, and W
�

bosons decaying into ZZ for masses less than 1.7 TeV. For the first time

mass limits are set on W
� → WZ and GRS → WW in the all-jets final state. The mass limits on

q
∗ → qW, q

∗ → qZ, W
� → WZ, GRS → WW are the most stringent to date. A model with

a “bulk” graviton Gbulk that decays into WW or ZZ bosons is also studied, but no mass limits

could be set due to the small predicted cross sections.
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Figure 7: Comparison of optimised ROC curves created by fixing the tagging variable and determining

the optimal jet algorithm. This comparison is performed after the application of the optimal mass window

selection in both the numerator and denominator for the indicated grooming algorithm (left) and the set

of ROC curves showing the comparison of full groomer+tagger (mass window cut on the numerator

only) performance (right).
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* See also CMS PAS JME-13-006

starting with groomed mass window
ε(W) ≡ 68%,  ε(QCD) ~ 0.1
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Higgs-Jets for NP Searches

bb (60%) τ+τ- (6%) Hadronic VV* (11%) Semi-lep WW* (7%)

lepton

+ diphoton-jet, lepton-jets

bb-jets now in use by CMS for t’ ➞ th and b’ ➞ bh searches
(limits ~800 GeV for 100% BR)



(h➞bb)-Jet Tagging

5.1 b tagging in jet substructure 23
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Figure 22: Misidentification probability as a function of b-tagging efficiency for boosted H →
bb jets and inclusive QCD jets for the CSV algorithm applied to fat jets and pruned subjets for

fat jets with (left) 300 < pT < 500 GeV/c and (right) pT > 700 GeV/c. For b tagging on fat jets,

a relaxed jet-track association cone of ∆R < 0.8 is used. For b tagging on subjets, both subjets

are required to pass the same selection on the CSV discriminator. Loose, medium, and tight

operating points are indicated.

and subjet b tagging, is displayed in Fig. 23. While the Higgs-tagging efficiency for the boosted

H → bb jets is between 40% and 50%, the QCD background is reduced to about 0.4%. The

dominant non-QCD background comes from boosted Z bosons and top quarks.
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Figure 23: (left) Double-b-tagging efficiency and (right) Higgs-tagging efficiency as a function

of the fat jet pT for the boosted H → bb signal and several different backgrounds. The b-

tagging efficiency shown is for fat jets passing a requirement on the pruned jet mass (75 <
mjet < 135 GeV/c2

). The Higgs tagging is defined as a combination of this requirement on the

pruned jet mass and subjet b tagging (CSVL).

It should be pointed out that the use of a fixed-size jet-track association cone inevitably leads to

track sharing between the subjets of fat jets once their angular separation becomes comparable

or smaller than the size of the association cone. For boosted top jets, the average fraction of

shared tracks, defined as the ratio of the number of tracks within ∆R < 0.3 from more than

CMS PAS BTV-13-001

double-b-tag rate for
jets in mass window total Higgs-tag rate



Novelties at pT >> TeV
• Many algorithms become independent of momentum/

angle scales anyway (or easily adapted)
• However, tops radiate at ΔR >> mt/pT before they decay, 

whereas weak bosons radiate very little at ΔR >> mW/pT

– active tagging cone should shrink for tops (R ~ 4mt/pT)
– W/Z/h should incorporate analog of tau “isolation annulus”, 

becomes progressively more powerful at higher pT

• Background-jets can contain weak radiation
– naive double-log scaling reduces to single-log with shrinking jet 

cone, but still potentially ~1% nuisance for hadronic top-jets
– main background for semilep top-jets

• And then there are the detectors...



Jets at the Energy Frontier

Multi-TeV QCD-jet Multi-TeV top-jet Multi-TeV W/Z/h-jet

decay cone

pre-decay
FSR

decay cone

~ nothing
out here!

radiated W

★ also g➞tt splittings



Detector Questions
• When does the intrinsic size of detector elements 

become a major problem?
– LHC:  HCAL cells (~0.1) ➞ ECAL cells (~0.02) ➞ tracks (~10-3)
– will/should future detector angular resolution scale with 1/E?
– is high-pT substructure a hardware or software problem?

• When does b-tagging break?
– minimal boost-invariant b/c tag:  muon-in-jet                        

(~20% b-tag, ~3% light-jet mistag from HF splittings)
– improvements in tracking crucial to beat this

• How reliable is lepton ID inside of semileptonic top- and 
Higgs-jets?
– muons should be doable with mini-isolation, etc
– are electrons lost?



Software Improvements
¯

 [GeV]
T

Jet p
0 500 1000 1500 2000 2500 3000

lig
h
t

ε/
b

ε

10

210

 70%≈ 
b

ε

= 8 TeVs

 R=0.4 Jets
t

Anti-k

ATLAS Simulation Preliminary

MV1

MVb

MVbCharm

b-tagging efficiency

0.4 0.5 0.6 0.7 0.8 0.9 1

L
ig

h
t-

fla
vo

u
r 

re
je

ct
io

n
 r

a
te

1

10

210

310

410

MVb

MV1

JetFitterCombNN

MVbCharm

ATLAS Simulation Preliminary
 R=0.4 JetstAnti-k

 > 25 GeV
T

p
=8 TeVs| < 2.5, η|

tSM t

b-tagging efficiency

0.4 0.5 0.6 0.7 0.8 0.9 1

R
a
tio

 t
o
 M

V
1

1

2

Dominik Duda talk @ BOOST 2014

+ Improvements using small-R jets,
   track-jets, b-subjets

•  Tracking for jet substructure reconstruction can be extended beyond  
jet pT > 1 TeV (most importantly for b-tagging) 
•  additional tracking iteration in jet core 
•  pixel cluster splitting 

Tracking improvements for Run II 

7 19 Aug 2014 Andreas Hinzmann 

b-tagging tracking

Andreas Hinzmann talk @ BOOST 2014



Software Improvements•  To reconstruct high pT jet substructure make full use of ECAL granularity 
•  Rather than assigning !Ecalo-!ptrack excess to single photon or neutral 

hadron (“merged PF neutrals”) with HCAL granularity 
•  Split photon excess according to ECAL clusters (“split PF photons”) 
•  Split hadron excess energy in ECAL+HCAL according to direction and 

energy distribution of ECAL clusters (“split PF neutrals”) 
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PF improvements for Run II 

9 19 Aug 2014 Andreas Hinzmann 

JME-14-002 

W pT = 2 TeV 

•  Pruned jet mass scale stable up to 3.5 TeV 
•  Resolution still better than 10% at 3.5 TeV for mW=80 GeV 
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Substructure performance for Run II – 1 

10 19 Aug 2014 Andreas Hinzmann 

JME-14-002 

CMS PAS JME-14-002 (to appear)

Particle flow fully exploiting ECAL spatial resolution

Andreas Hinzmann talk @ BOOST 2014



A Toy Calorimeter Model
for High-pT Substructure

Particle-level
Theorist grid
Simple ECAL E-flow
Minijet ECAL E-flow

1.5 TeV Z-jets 1.5 TeV quark-jets

0.1x0.1 “theorist” grid
+ parametrized 
material showers + ECAL Energy-flow1.5 TeV Z-jet

Son, Spethmann, Tweedie (2012)



9.4 TeV Top-Jet

Using “fat” jet radius < 0.1
CMS-like detector

(FCC detector may be 2x better)
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* Work in progress with Zhenyu Han & Minho Son



Exploiting Tracks at pT >> TeV

6

reconstructed. To prove this claim, we show in Figure 4b the top quark finding efficiency for the HEPTopTagger at

the particle level. When the constituents of the C/A R = 0.8 jets are stable particles, the HEPTopTagger efficiency

is stable at 53%. If we granularize the particles into (η,φ) cells of size 0.1× 0.1, the efficiency starts to drop at a top

quark pT of 1.2 TeV.
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FIG. 4: Efficiencies for tagging top quarks using a) calorimeter cells and b) stable particles.
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The efficiency of the HEPTopTagger
�
for finding top quarks using calorimeter cells is less than 4% for pT > 800 GeV

(Figure 4a). From this we conclude that with the present available ATLAS jet calibrations and uncertainties it is not

possible to find top quarks at high pT . To obtain calibrations and uncertainties also for jets with R < 0.2 we suggest

the use of the reconstructed top mass peak in tt̄ events. The position of the peak can be used for calibration and

the difference between simulation and data can serve to estimate the simulation uncertainty. We note that at higher

top quark pT the fraction of subjets with small R will be higher. This effect can be studied by binning the mass

distribution in pT of the top candidate.

The efficiency for tagging fat jets constructed from calorimeter cells is shown in Figure 5 as a function of the fat
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HPTTopTagger Track-jet observables

pT ~ 10 TeV



• 8 TeV LHC has been a proving ground for substructure-
based NP searches
– largest efforts so far on resonances (VV, tt), with t’/b’ searches 

coming up fast, and many others on their way
– many substructure approaches, can be powerful in combination
– already probing multi-TeV territory!

• 13 TeV LHC substructure looks healthy
– lots of good ideas for pileup subtraction
– detector+algorithms can potentially handle pT > 3 TeV

• Requirements / capabilities of future detectors under 
active investigation
– what do we need to see pT ~ 10 TeV boosted objects?
– learning valuable lessons from pushing LHC to its limits

• Applications are already exploding, lots more to do at 
the Energy Frontier!

Summary



More...



CMS W-Taggers
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Figure 13: Comparison of various discriminant observable performance for W+jet events in the
low jet pT bin, 250-350 GeV.
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Figure 14: Comparison of jet substructure observable performance for W+jet events in the jet pT
bin, 250-350 GeV (left) and 400-600 GeV (right), for longitudinally and transversely polarized
signal W-jets.

The multivariate optimization is performed using the TMVA package [45]. The variables con-
sidered in the optimization are:

• Pruned mass drop mdrop
pr

• Q-jet volatility ΓQjet

better
performance

CMS PAS JME-13-006

(pruned)



CMS Multivariate W-Tagging
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ATLAS Top-Taggers
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Figure 7: Comparison of expected top jet tagging efficiency and light quark/gluon jet rejection. All

substructure taggers and scans use trimmed anti-kt R = 1.0 jets, except the HEPTopTagger (HTT) that

uses C/A R = 1.2. The same Z
�→ tt, mZ� = 1.75 TeV signal samples and multijet background samples and

selection are used for all taggers. Systematic uncertainties are not considered for any of the algorithms.
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